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INTERIM  REPORT 
1  August  1973  -  30  June  1974 


Introduction 

The  aircraft  measurement  program  carried  out  in  June  and  July  of  1973 
was  designed  to  determine  the  magnitude  of  a  number  of  parameters  considered 
to  be  important  for  the  evaluation  of  the  physical  potential  for  the 
modification  of  warm  season  precipitation  in  the  Central  United  States.   Two 
factors  of  key  interest  were  the  efficiency  of  the  coalescence  process  and  the 
availability  of  latent  energy  that  could  be  realized  by  induced  freezing  of 
liquid  condensate.   The  analysis  carried  out  during  the  past  year  was  directed 
toward  the  eventual  estimation  of  these  two  factors  for  the  large  number  and  wide 
variety  of  ciimulus  cloud  systems  probed  during  the  1973  airplane  flights.   It 
has  concentrated  on  establishing  the  population  statistics  of  the  water  substance 
in  summertime  clouds  in  central  Illinois ,  in  accordance  with  the  overall  program 
objectives  set  up  in  the  original  work  plan  for  this  phase  of  the  Illinois 
Precipitation  Enhancement  Program. 

This  report  presents  a  summary  of  the  measurements  of  the  bulk  water 
which  have  been  analyzed  during  the  period  of  this  report.   The  work  is 
continuing  and  the  sample  will  be  materially  enlarged  as  more  flight  data  are 
processed. 

The  total  condensate  has  been  separated  into  estimates  of  the  "cloud 
water",  i.e.,  condensate  in  relatively  small  cloud  droplets,  and  "precipitation 
water",  the  condensate  in  incipient  or  existing  precipitation  particles. 
(Throughout  this  report,  the  term  condensate  is  used  in  its  broadest  sense  and 
includes  solid  as  well  as  liquid  particles). 


Basic  Measurements 

Three  independent  measurements  were  used  in  determining  the  partition 
of  the  total  condensate  into  cloud  and  precipitation  water  content:   (a)  the 
total  water  content  meter  developed  at  the  Naval  Research  Laboratory  (Ruskin, 
1967)  which  measures  water  in  all  phases,  (b)  the  commercially  available 
Johnson-Williams  hot-wire  liquid  water  content  meter  which,  responds  primarily 
to  the  cloud  droplets ,  measuring  little  of  the  contribution  to  the  condensate 
from  solid  particles  and  liquid  particles  larger  than  about  60  to  80  ym 
diameter  (Barrett,  1958)  and  (c)  the  Cambridge  Systems  dewpoint  hygrometer 
which  measures  the  water-vapor  content.   The  Johnson-Williams  was  mounted  on 
the  bottom  of  the  housing  for  the  total  water  meter  and  the  entire  assemblage 
was  attached  to  the  underside  of  the  airplane  wing  well  out  of  the  region  of 
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distui'^bed  flow.   A  water-free  air  sample  was  introduced  into  the  dev/point 
hygrometer,  which  was  located  tov/ard  the  rear  of  the  airfoil. 

An  estimate  of  updraft  and  dov/ndraft  regions  v/as  obtained  from  the 
recorded  output  of  a  rate-of-climb  meter.   The  particular  instrument  used 
(the  IVSI,  Teledyne  Corp)  incorporated  a  spring  device  to  detect  the  initial 
vertical  acceleration  in  addition  to  the  normal  differential  pressure 
transducer.   These  measurements,  in  conjunction  with  those  of  aircraft  pitch 
and  angle  of  attack,  permit  a  qualitative,  and  often  semi-quantitive , 
estimate  of  vertical  draft  strength. 

All  the  measurements  were  digitally  recorded  every  half  second  on 
computer  compatible  magnetic  tape.   The  total  water  meter  has  very  short 
response  time  and  has  space  resolution  of  2  or  3  m.   In  order  to  minimize 
the  possibility  of  bias  arising  from  the  sensing  of  single  large  drops,  the 
current  was  electronically  linearized  and  averaged  over  an  interval  of  0.5 
sec. 

The  details  of  the  aircraft  instrumentation  were  given  in  the  Interim 
Report  covering  the  period  from  1  July  1972  -  31  July  1973  (Ackerman,  1973). 

The  Data  Sample  and  Analysis  Approach 

The  data  sample  presented  here  was  collected  on  five  flights  in 
Southwestern  Illinois  and  Eastern  Missouri.   The  measurements  v/ere  made  at 
600  mb  ±  20  mb  (approximately  4450  m  MSL).   Except  in  a  few  cases  cloud 
bases  were  at  1200  to  1300  m  MSL  and  most  clouds  topped  out  between  5200  m 
and  about  7000-7500  m  at  the  time  of  cloud  penetration.   All  of  the  clouds 
in  the  sample  were  visually  classified  as  vigorous  before  entry.   Penetrations 
were  into  a  variety  of  cloud  types:   cumuliform  tower  families  v/hich  merged 
into  Cumulonimbus  Calvus ;  Cumulus  Congestus  associated  with  Cumulonimbus, 
both  in  clear  areas  and  imbedded  in  Altostratus-Altocumulus  layers;   young 
Cumulonimbus  Calvus ,  and  in  a  few  instances  young  thunderstorm  cells 
(Table  1). 

The  measurements  indicate  considerable  horizontal  variability  in  the 
internal  structure.   Some  examples  of  the  cloud  data  are  shown  in  Figs.  1-3. 
These  data  have  been  smoothed  either  by  a  5-point  running  mean  providing 
averages  over  about  200  m  or  by  consecutive  averaging  over  three  data  points 
(120  m).   In  interpreting  these  graphs  it  is  important  to  bear  in  mind  that  the 
response  characteristics  of  the  various  instruments  differ  significantly.   The 
Rosemount  platinum  resistors  thermometer  and  the  two  water  meters  have  rapid 
response.   The  response  time  of  the  dewpoint  hygrometer,  from  which  vapor 
density  is  determined,  is  close  to  2  sec.   The  airplane  itself  is  the  sensor 
for  measurements  of  vertical  velocity.   Although  the  initial  change  due  to 
entry  into  a  vertical  draft  is  sensed  rather  quickly  by  the  IVSI  the  inertia 
of  the  aircraft  of  the  Aero-commander  results  in  a  response  time  of  the  order 
of  5  to  10  sec.   Thus,  a  draft  may  be  indicated  in  the  airplane  rate-of-climb 
for  some  seconds  after  the  plane  has  left  it. 
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FLIGHT  17,  JULY  1973 

Hdg  020°,  Av.  TAS  =  79  m/sec 


570  ^ 


1423 


1424 
TIME,  CDT 


Figure  1.   Variations  of  several  cloud  parameters  during  a  penetration 

through  a  vigorous,  broad  cumulus  congestus.   Data  smoothed  by 

5  point  running  mean  (about  200  m)  . 
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Figure  2.   Variations  of  several  cloud  parameters  during  a  penetration 

through  a  "precipitating"  but  still  growing  cloud.  Note  the 

differences  in  the  scales  of  the  cloud  and  total  liquid 
water  contents.   Data  averaged  over  120  m. 


FLIGHT  17,  JULY  1973 
Hdg  150°  TAS  =  76  m/sec 


TOTAL  WATER* 


VAPOR  DENSITY 


1501 
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TIME,   CDT 


Figure   3-      Variations   of   several    cloud   parameters    through   a   growing, 
multi-cellular   cloud.      Data   averaged  over    120  m. 
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In  Fig.  1  are  shown  the  measurements  from  a  penetration  through  a  cloud 
in  which  the  structure  is  relatively  simple.   Although  there  is  some  small 
scale  structure,  the  space  distributions  of  most  parameters  are  fairly  smooth 
and  symmetrical.   The  most  notable  exception  is  temperature  but,  as  shown  in 
the  figure,  the  variations  include  those  due  to  altitude  changes  as  well  as 
in-cloud  space  changes.   Indeed,  because  of  the  change  in  altitude,  the 
variations  in  all  parameters  include  cloud  variations  in  the  vertical  as  well 
as  the  horizontal.   The  precipitation  water  (the  difference  between  the  total 
liquid  water  and  the  cloud  LWC)  appears  to  be  fairly  uniform  at  about  1  gm/m3 
except  for  a  narrow  rain  shaft  on  the  NNE  side  of  the  cloud. 

It  is  not  the  intent  here  to  explore  the  details  of  particular  clouds. 
However,  the  dry,  warm  areas  adjacent  to  the  cloud  edges,  are  of  particular 
interest  to  the  author.   Some  years  ago  she  reported  on  the  presence  of  this 
phenomenon  adjacent  to  cumulus  towers  in  East  Central  Texas  (Ackerman,  1969) 
and  speculated  that  they  must  be  due  to  descending  motion  around  the  cloud 
periphery.   The  observation  around  this  particular  tower  tend  to  support  this 
conclusion. 

The  main  rain  shafts  sometimes  occurred  in  the  center  of  the  cloud  and 
sometimes  on  an  edge,  as  in  Fig.  2.   In  most  cases,  when  the  total  water  was 
very  large,  the  cloud  water  was  small.   Despite  the  tremendous  as3nnmetry  in 
the  distribution  of  water,  the  structure  of  this  cloud  is  still  moderately 
simple,  although  the  variation  in  rate  of  climb  suggests  that  the  updraft  as 
well  as  the  water  might  have  been  "multi-cellular"  lower  in  the  cloud. 

The  horizontal  structure  of  most  of  the  clouds  was  considerably  more 
complicated  than  either  of  the  two  discussed  above.   This  is,  of  course,  not 

a  new  finding it  has  been  reported  since  practically  the  earliest  cloud 

penetrations  by  instrumented  aircraft.   It  does,  however,  present  a  problem 
when  specifying  a  cloud  "unit"  for  which  a  physical  characteristic  is  to  be 
determined.   In  Fig.  3,  virtually  all  of  the  variables  indicate  that  the 
visual  cloud  was  multi-cellular.   In  many  cases,  however,  this  is  not  true; 
whereas  cellular  structure  may  be  indicated  in  the  water  distribution,  it 
might  not  be  easily  seen  in  the  variations  of  other  parameters.   In  the 
tabulations  that  follow,  the  visual  cloud  was  broken  up  into  sub-elements 
whenever  these  were  delimited  in  the  variations  of  most  parameters.   Thus, 
in  Fig.  3,  the  visual  cloud  was  broken  into  three  cloud  units  in  the  analysis, 

The  average  value  of  the  cloud  water  (W^^)  and  precipitation  water  (Wp) 
was  calculated  for  each  cloud  unit  and  the  cloud  water  fraction  (Wc/Wt)  was 
defined  as  the  ratio  of  the  averages  of  cloud  water  content  and  total  water 
content  (Wf).   A  total  of  123  cloud  units  were  studied,  distributed  among  the 
flights  as  shown  in  Table  1. 

Population  Statistics 

In  Fig.  4  is  shown  the  frequency  of  occurrence  of  cloud  water  fractions 
of  various  magnitudes  for  the  total  sample  and  for  a  sub-sample  in  which  the 


-8- 


total  water  content  was  greater  than  the  adiabatic  water  content ,  Wy^ ,  the 
theoretical  maximum. 

In  none  of  the  cloud  units  was  the  water  dispersed  totally  in  small 
drops,  although  in  a  few  instances  this  condition  was  approached,  as  on  two 
of  the  cloud  units  shown  in  Fig.  3.   In  about  half  the  cases,  only  40%  of 
the  water  was  in  the  form  of  cloud  droplets.   In  over  80%  of  the  sample,  less 
than  60%  of  the  condensate  in  a  cloud  unit  was  in  the  form  of  cloud  droplets. 
When  the  average  total  water,  W^p,  for  cloud  unit  was  greater  than  the  adiabatic 
value,  W^,  the  cloud  water  tended  to  be  a  small  fraction  of  W-p. 

The  bimodality  in  the  frequency  distribution  is  a  consequence  of  the 
differences  in  the  partition  of  condensate  on  the  two  days  with  the  largest 
nunfcer  of  clouds.   It  is  believed  that  this  is  due  to  the  predominance  of 
different  cloud  types  on  the  two  days  and  may  be  an  indication  of  differences 
in  the  precipitation  forming  process. 

During  Flight  5 ,  which  contributed  nearly  a  third  of  the  data  sample , 
the  measurements  were  from  air  mass  Cumulus  Congestus  and  Cumulonimbus  Calvus . 
In  all  but  one  cloud  penetration  on  this  flight  the  cloud  water  represented 
less  than  40%  of  the  total  water.   In  Table  2  are  given  the  sample  means  and 
standard  deviations  of  the  average  total,  precipitation,  and  cloud  water 
contents  for  each  flight.   On  Flight  5  the  sample  mean  of  W-j-  was  larger  than 
for  any  other  flight  whereas  the  mean  values  of  W,-.,  and  of  W(-,/Wrp  were  smallest. 
On  Flights  17  and  18,  when  the  clouds  traversed  were  associated  with  squall 
line  thunderstorms,  the  sample  means  of  Wp  and  W.p  were  smaller  and  the  average 
Wc/W>p  was  larger  than  on  any  other  flight .   Although  to  some  extent  the  sample 
means  for  Flight  5  are  colored  by  the  large  fraction  of  cases  with  water  contents 
in  excess  of  adiabatic  (Table  1),  the  regressions  of  W^  on  W-j- ,  based  only  on 
cloud  units  in  which  Wt<  W^  (Table  2),  support  the  indication  that,  at  this 
level  at  least ,  the  fraction  of  the  condensate  in  large  particles  is  greater 
in  air  mass  showers  than  in  squall-line  associated  cumuli  of  less  than 
thunderstorm  size. 

The  characteristics  of  the  total  water  contents  and  of  the  cloud-precipitation 
partition  in  updraft  regions  are  shown  in  Fig.  5  and  Table  3.   Identification 
of  these  regions  were  based  on  the  following  criteria:   (a)  the  IVSI  measurements 
indicated  an  updraft  through  most  of  the  cloud  unit  and  (b)  the  maximum 
rate-of-climb  exceeded  2  m/sec.   (The  maximum  rate  of  controlled  climb,  with 
full  power,  at  the  traverse  altitudes  was  1  to  1.5  mps ) .   Fifty-four  cloud  units 
met  these  criteria. 

The  cloud  water  and  total  water  for  cases  of  W-j-  <  W^  are  fairly  highly 
correlated  for  the  sample  as  a  whole  (Table  2).   This  appears  to  be  true  also 
for  updraft  areas  as  can  be  seen  from  Fig.  5,  in  which  cloud  water  is  plotted 
against  total  water  for  updraft  areas,  provided  a  single  flight  is  considered. 
A  close  study  of  Fig.  5  suggests  that  regression  lines  for  Flights  17  and  18 
would  probably  have  a  slope  significantly  greater  than  1,  while  for  Flight  5 
it  would  be  close  to  horizontal.   In  15  of  the  54  updraft  regions  (predominately 
from  Flights  5  and  11)  the  total  water  was  greater  than  the  adiabatic.   In 
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Figure  k.      Frequency  distribution  of  the  fraction  of  condensate  in  cloud 
droplets  (ratio  of  cloud  water  to  total  condensate)  in  the  pooled  sample. 
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""'rnnH  ^"  ,^^f^^^'  diagram  of  average  cloud  water  content  versus  average  total 
c?oud"  n  t.'-  ''k"k  T""'"'  •'"^'°"^-  '^^    regression  line  calculated  for 
s  shown  bvrHK^'%''"''^?u'°'^'  condensate  was  less  than  adiabatic 
.s  shown  by  the  dashed  l.ne.   The  points  with  a  vertical  arrow  near  the 
top  were  cases  ,n  which  the  cloud  water  instrument  "saturated"  ?or  a 
short  interval  the  point  is  plotted  at  a  "best"  estimate. 
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the  scatter  diagram  in  Fig.  5,  all  of  the  points  for  which  Wr^  >  5  gm/m^ 

were  in  the  latter  group.   The  scatter  for  updraft  areas  v/ith  Wr^  >  W  suggests 

an  inverse  relationship  between  W^  and  Wrj-. 

In  Table  3  are  listed  the  sample  means  of  the  cloud  and  precipitation 
water  content  and  the  cloud  water  fraction  for  the  updraft  areas.   These  may 
be  compared  with  the  sample  means  for  the  total  sample,  listed  in  Table  2. 
The  comparison  indicates  that,  in  updraft  areas  in  which  the  total  water  is 
less  than  adiabatic,  the  precipitation  water  content  is  less  than  it  is  in 
other  cloud  areas  and  the  cloud  water  content  and  cloud  water  fraction  are 
significantly  larger.   This  is  what  would  be  expected  from  arguments  relating 
to  the  time  required  for  significant  precipitation  to  develop  due  to  coalescence. 
When  total  water  content  in  an  updraft  is  greater  than  adiabatic,  the  net  flux 
divergence  of  water  by  sedimentation  through  the  air  as  it  ascended  must  have 
been  positive  and  the  precipitation  water  content  should  be  larger  than  in 
other  cloud  areas.   It  can  be  seen  from  Tables  2  and  3  that  this  was  indeed 

true  for  such  updrafts average  precipitation  water  in  updrafts  with  Wr^  >  W^ 

was  larger  by  a  factor  of  two  or  more  on  most  flights.   Moreover,  the  average 
cloud  water  content  also  tended  to  be  larger  so  that  the  increase  in  total 
water  was  due  to  an  increase  in  the  amounts  in  both  segments  of  the  bulk  water. 
As  would  be  expected,  in-cloud  units  in  which  the  water  content  is  dominated 
.by  sedimentation  the  cloud  water  fraction  is  smaller  than  in  other  cloud  areas. 

Summary 

This  "first  look"  at  the  partition  of  condensate  between  cloud  droplets 
and  precipitation  particles  points  up,  once  again,  the  existence  of  a  very 
active  process  of  coalescence  in  clouds  in  the  middle  west.   In  addition  it 
indicates  that  the  efficiency  of  coalescence  may  vary  greatly  either  as  a 
function  of  day  or  as  a  function  of  cloud  type.   As  the  research  continues  the 
sample  v;ill  be  materially  enlarged  by  the  addition  of  data  from  other  flights. 
Future  analysis  will  explore  the  differences  between  cloud  types  and  the 
influences  of  environmental  factors ,  and  specific  cloud  parameters  such  as 
diameter,  updraft  velocity,  buoyancy,  etc. 
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APPENDIX  1 


An  analysis  of  the  personnel  that  were  involved  in  this  program  in  FY-7'+ 
and  the  amount  of  their  involvement  appears  below. 
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